Methods
The experimental setup shown in Fig. 1 was used to initially investigate whether variable-force DRS is able to distinguish between tissue types. The main components of this setup include a high resolution spectrometer (USB2000þ, 3.5 nm FWHM, OceanOptics, Inc., Dunedin, FL), a halogen light source (Leica KL1500 electronic), a fiber-optic probe (QR200-7-VIS-NIR, OceanOptics, Inc.), a pocket scale (AWS SC-2 kg) delivering force data over serial communication through an Arduino circuit, and a custom Cþþ console program to control data acquisition while synchronizing the data in time. Additionally, to investigate the DRS effects of photo-ablation, a Spectranetics CVX-300 Excimer Laser (308 nm pulsed) System with a Spectranetics ELCA coronary laser atherectomy catheter was used to ablate the tissue samples in specific regions.
Porcine aorta and fat tissue samples were used as coronary artery and atherosclerotic plaque tissue phantoms, respectively. The samples (one aorta sample, one fat sample, and a pint of blood) were acquired from the Visible Heart Lab at the University of Minnesota, Minneapolis, MN. Shortly after the animal's time of death, the samples were collected and stored in a refrigerated environment for no more than 18 hrs.
Before the data were collected, the tissue samples were allowed to warm to room temperature. Each sample was then manually lased in three specific spots repeatedly with the Spectranetics CVX-300 system until visible signs of the ablation were detected. The laser was set at a fluence of 50 mJ/mm 2 and a repetition rate of 35 Hz.
Then, each sample was placed in a plastic box on the scale. The probe was used to illuminate the sample and deliver any diffusely reflected light back to the spectrometer. The DRS data were collected as the probe's contact force was manually adjusted from 0 g to 200 g via the z-axis translational stage. In an air environment, DRS data were collected from each lased region four times (12 total lased data collections from each tissue type). DRS data were also taken from 12 nonlased locations on each sample in the air environment. After the air measurements were complete, the well-stirred porcine blood was added to the container. The DRS measurements were repeated on each lased region one time and the nonlased regions a total of three times due to the difficulty of accurately relocating the lased locations while the probe was submerged in the blood environment. The data were then processed using a custom MATLAB script.
Results
The spectra plots in Fig. 2 were created by averaging all 12 DRS runs for a specific tissue type (aorta, lased aorta, fat, or lased fat) within a specific force range (200-250 gf). These plots not only compare the spectra of the aorta sample with the spectra of the fat sample, but there is also a comparison of the lased and nonlased tissue in both an air and blood environment.
The curves plotted in Fig. 3 illustrate how the DRS data for the fat sample change as the contact pressure increases when immersed in a blood environment. Each contour is the average Fig. 1 Experimental setup including: (1) an Ocean Optics USB20001 spectrometer configured for 3.5 nm resolution when using 200 lm optical fibers, (2) a Leica KL 1500 electronic halogen light source, (3) an Ocean Optics QR200-7-VIS-NIR optical fiber probe, (4) an AWS SC-2 kg pocket scale, (5) an Arduino and circuitry to transfer the scale output to the computer via serial, (6) a laptop running a custom C11 console program to control the spectrometer, collect data, and time synchronize the data, (7) a custom adapter connecting the probe to the z-axis translational stage, and (8) an opaque box to hold the tissue samples and fluid on the scale spectra from all three DRS runs within a specific 10 gf range as noted in the legend.
Interpretation
The results of this preliminary study indicate that contact DRS could be an effective method to discriminate tissue types in an intravascular environment. Despite the narrow, uneven spectra of the light source, Fig. 2 shows a large difference between the aorta and fat DRS data.
This study also isolated the effect of taking DRS data in a blood environment as opposed to an air environment. Comparing the two plots in Fig. 2 , it can be seen that within the 600-700 nm wavelength range, the aorta and fat spectra in both plots are very distinguishable. Interestingly, there is a drop in DRS levels between 500 nm and 600 nm in the blood immersion plot. This valley may be caused by pockets of blood caught between the tissue and the probe, increasing the absorbance in that wavelength range due to hemoglobin content, thus decreasing the DRS levels.
The effects of the photo-ablation with the excimer laser are also important to note. If DRS is to be used in a tissue sensing capacity within the coronaries to control a laser atherectomy, the photoablation process cannot remove the optical distinctiveness of the tissues. The results of this preliminary test shown in Fig. 2 demonstrate that the lasing slightly changes the DRS spectra but not enough to diminish the DRS tissue discrimination power.
Finally, a functional tissue sensor will have to perform when the tissue is experiencing a variety of stresses and strains caused by the surgical tool. This test was able to show that the variablecontact force has an impact on the DRS data. The plot in Fig. 3 is a contour map that tracks the DRS spectra within different force ranges. It can be seen that the DRS spectra seem to increase as the force increases, but the spectra change between the 150 gf range and the 200 gf range is a lot smaller than the other steps. This may indicate that there is a minimum contact force value at which any increased force will insignificantly affect the DRS data.
This study was a preliminary investigation exploring whether previous and promising DRS tissue sensing research could be shifted into a more clinically realistic environment by including variable-force contact, ablation effects, and blood immersion. The positive results of this test strongly motivate more complete DRS tissue sensing research. 
